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Forming colloidal solutions containing semiconductor quantum-sized nanoparticles (NPs) with clean 
surface has been a long-standing scientific challenge. In this contribution, we report a "top-down" method 
for the fabrication of Ge NPs by laser ablation of a Ge target in deionized water without adding any 
stabilizing reagents. The initial Ge NPs in amorphous structure showed spontaneous growth behavior by 
aging Ge colloids in deionized water under ambient temperature, which gradually evolved into a metastable 
tetragonal structure as an intermediate phase and then transformed into the stable cubic structure, being 
consistent with the Ostwald's rule of stages for the growth in a metastable system. The laser-induced initial 
Ge NPs demonstrate a unique and prominent size- dependent chemical reductive ability, which is evidenced 
by the rapid degradation of organic molecules such as chlorinated aromatic compounds, organic dyes, and 
reduction of heavy metal Cr(VI) ions. 

I t has always been the focus of intense scientific efforts in nanomaterials and nanotechnology to explore 
I unusual physical and chemical properties of colloidal nanoparticles (NPs), particularly those induced by 
I quantum size effects and/or surface effects 1 " 6 . Group IV elemental semiconductors, such as Si and Ge NPs, 
have wide applications in optic and electronic devices, as well as in biological fluorescence imaging because of 
their size-dependent optical properties and relatively low toxicity 7 " 11 . Ge has a larger excitonic Bohr radius 
(24.3 nm) than Si (4.9 nm), which consequently makes it more prominent in studies of quantum confinement 
effects 1213 . Size-dependent photoluminescence of Ge NPs has been explored extensively by many research groups. 
Prabakar and colleagues 14 synthesized allylamine- terminated Ge nanocrystals with average sizes ranging from 
4.0 nm to 5.5 nm, which displayed size -dependent strong photoluminescence with wavelength between 420 nm 
and 480 nm and were used as optical probes for HepG2 cell imaging. Ge NPs can be modified with various 
functional groups, such as alcohols, esters, chloride, alkyl, and polymers, which are used in organometallic 
chemistry as carriers or catalysts 15 " 18 . Considerable efforts have been made in the past on embedding Ge NPs 
in a dielectric matrix, particularly amorphous Si0 2 , for their potential applications in optoelectronic, photovol- 
taic, and nonvolatile memory devices 19 " 21 . 

Undoubtedly, freestanding Ge NPs without surfactant covered on the surfaces are more beneficial for exploring 
their physicochemical properties. Overall Ge NP surface is always functionalized with organic reagents to prevent 
oxidization and aggregation in conventional "bottom-up" solution chemical routes, which have been used to 
obtain stable and well- dispersed Ge NPs. Understandably, such functionalized surface impedes intrinsic prop- 
erties of Ge NPs to some extent. Besides, Ge NPs with naked surfaces are critical for potential applications in the 
environmental and biomedical fields. Motivated by these considerations, the current study utilized the laser 
ablation in liquids (LAL) technique, which is a "top-down" method, to transfer materials from the bulk Ge target 
into the liquid as highly dispersed Ge NPs, without using any stable reagents. This technique was recently used for 
the fabrication of NPs of a wide range of elemental and compound materials 22 " 29 . Here we report that the resultant 
Ge NP containing hydrosol is a metastable thermodynamic system. The NPs in such a colloidal system were 
observed to experience spontaneous growth during aging at the ambient temperature in a sealed chamber, when 
gradual particle growth was accompanied with changes in phase structures. The growth of elemental Ge evidently 
coincides with Ostwald's rule of stages, as empirically described by Ostwald in 1897 and dubbed the rule of 
stages 30 . In Ostwald's picture of crystallization, intermediate phases may exist during the transition from an 
amorphous to a final thermodynamically stable structure. We also report unusual optical absorption character- 
istics and unique chemically reductive ability of LAL-induced Ge NP colloids by rapid decomposition of organic 
pollutants, including chlorinated aromatic compounds, organic dyes, and reduction of heavy metal ions. In 
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contrast, these intrinsic physicochemical properties of Ge have rarely 
been achieved in normal "bottom-up" chemical route-synthesized 
Ge NPs. 

Results 

Fig. la presents a low-magnification transmission electron micro- 
scopy (TEM) image of Ge NPs collected from fresh colloidal solu- 
tions. A large amount of small quasi- spherical NPs was observed. 
The size distribution of Ge NPs was derived by calculation and fitting 
of about 400 NPs from more TEM images. Average diameter of fresh 
Ge NPs ranges from 7.0 nm to 8.0 nm according to the size distri- 
bution histogram as shown in Fig. lc. The high-resolution TEM 
image (HRTEM, Fig. lb) and its corresponding select area electronic 
diffraction (SAED) pattern (inset at the upper right corner) indicate 
that fresh Ge NPs are almost in an amorphous state, which is also 
demonstrated in the X-ray powder diffraction (XRD) pattern in 
Fig. lj of fresh Ge NPs. 

We found that the initially amorphous Ge NPs are in a metastable 
state. The morphology and structure of Ge NPs would be changed to 
reduce surface energy and to attain a more stable structure by simply 
aging fresh Ge colloidal hydrosol in a sealed chamber at the ambient 
temperature. With the aging time of 3 hours, we can observe that the 
Ge NPs self-assembled into fractal aggregates with size approximate 
to 100 nm (as shown in Fig. Id). The corresponding XRD pattern (in 
Fig. lj) from the water-containing samples indicated the amorphous 
Ge NPs grows into Ge NPs in tetragonal and/or cubic phase structure 
during the aging process. The tetragonal phase were reported as a 
pressure induced phase in a number laboratories using a variety 
of techniques 31 " 34 . However, there have been no reports on phase 



transitions detected in a nanosized Ge colloidal system under ambi- 
ent atmosphere. The diffraction peaks located at 27.2°, 45.3°, and 
53.7° can be accurately indexed to the cubic phase Ge (JCPDS Card 
No. 00-004-0545, Fd-3m (227) ), which is a typical diamond struc- 
ture (Ge-I) 31 and the stable state of Ge at room temperature and 
normal pressure. The diffraction peak at 30.9° belongs to the tet- 
ragonal Ge phase in a body- centered tetragonal structure (Ge-III at 
10.8 GPa) 34 , a metastable phase. The broad background peak located 
around 22° in two theta degree is resulted from the amorphous glass - 
substrate for holding the samples during the XRD measurements. 
The SAED pattern also displayed diffraction rings belong to two 
different structures (as shown in Fig. le), we can observe the diffrac- 
tion rings (marked with blue curves) matched with (111) and (220) 
crystallographic planes of Ge-I, respectively. And other diffraction 
rings can be well assigned to the (012) crystallographic planes of Ge- 
III (at 10.8 GPa), and (211), (222), (004) crystallographic planes of 
Ge-III (at 1 arm) 34 . The HRTEM image (Fig. If) taken from the 
selected area in Fig. Id clearly exhibits the (012) and (211) planes 
with interplanar spacing of 2.88 A and 2.48 A for Ge-III NPs, respect- 
ively. More evidence from TEM analysis is shown in Supplementary 
Fig. S2-S3 online. The phase transition of Ge NPs carried on by 
prolonging the aging time. Fig. lg presents typical large Ge spheres 
with an average size of 350 nm owing to self- assembling from the 
initial small Ge NPs after 24 hours of aging and the average size was 
estimated using about 60 spheres in more TEM images. Fig. lh is the 
corresponding SAED pattern of a single Ge sphere, indicating the 
polycrystalline nature. The HRTEM image (Fig. li) of the selected 
area in Fig. lg evidently displays a number of grain boundaries and 
lattice distortions, which reflect that spontaneous self-assembling 
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Figure 1 | (a-b) TEM images of fresh Ge NPs; with inset in (b) the corresponding SAED pattern, (c) Size histogram of fresh Ge NPs. 

(d-f) Low-magnification TEM image, SAED pattern, and HRTEM image of selected area in (d) for Ge NPs with aging time of 3 h. 

(g-i) Low-magnification TEM image, SAED pattern, and HRTEM image of selected area in (g) for Ge NPs with aging time of 24 h. (j) XRD patterns of Ge 

NPs with different aging time. 
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Figure 2 | (a) Zeta potential of fresh Ge NPs suspended in deionized water. Inset of b is the schematic configuration of charged fresh Ge NPs. (b) UV-vis 
spectra of Ge NPs with aging time from 0-24 hours. 



and crystallization of fresh amorphous Ge NPs into large crystalline 
spheres definitely occurred under ambient temperature. The XRD 
pattern of assembled Ge spheres in Fig. lj showed that all peaks can 
be indexed to the stable Ge-I structure and the peak located at 30.9° 
that belongs to the Ge-III structures disappeared. This indicates that 
the transition of Ge-III — > Ge-I occurred in deionized water during 
the aging process. It is necessary to point out that our experiments 
showed that the metastable Ge-III structures can be maintained if the 
Ge NPs are kept as dry powders, wherein the Ge-III will not convert 
into Ge-I at the ambient temperature. 

The Raman spectra for Ge NPs with aging time of 3 h and 24 h are 
presented in Supplementary Fig. S4 online. According to the results 
reported by Kobliska 35 , the Raman peak at 274 cm" 1 is attributed to 
the Ge-III structures and the peaks at 297 cm" 1 and 299 cm" 1 should 
be assigned to the Ge-I structures. The change in the Raman spectra 
of these two Ge NPs samples further demonstrate that the presence of 
Ge-III and the transition of Ge-III — » Ge-I occurred by aging 
amorphous Ge NPs in a liquid phase under ambient temperature. 
Spontaneous growth of initial amorphous Ge NPs during aging the 
colloidal system is consistent with energetic minimization. The 
structural evolution in the metastable colloidal system agrees well 
with the classical Ostwald's rule of stages, which were mostly 
observed in colloids and proteins. Ostwald's rule of stages for 
quantum dot growth in inorganic crystals such as metal chalcogenide 
and LiFeP0 4 36 ' 37 , have also been reported, however, rare evidence is 
available in the growth of elemental NPs. Such an evolution of 
growth stages indicates that the energy of formation E f , for the 
observed phases is in the sequence of E f (am) > E f (Ge-III) > E f 
(Ge-I). This is not shocking, as the amorphous structure, which is 
usually dubbed as a frozen liquid, is probably the least stable with 
respect to the two crystalline phases of which the diamond structure 
is the ground- state phase. Further theoretical modeling for structural 
evolution in the colloidal system is desirable for enhanced under- 
standing of the stabilizing process. 

Our experiments showed that LAL- derived Ge NPs were well- 
dispersed in deionized water without using any stable reagents as 
surfactants in the initial state. This may be attributed to charged 
surfaces and drastic Brownian motions of small fresh Ge NPs. As 
shown in the inset of Fig. 2a, fresh LAL- derived Ge NPs are sur- 
rounded by an elastic hydration layer and its corresponding zeta 
potential pattern displays a high £ potential of —83.4 mV measured 
by MALVERN instrument (Zetasizer3000HSa). Generally, the col- 
loidal solutions are considered to be stable if the zeta potential is 
above 30 mV for positively charged NPs or below —30 mV for 
negatively charged NPs 38 . Therefore, the measured zeta potential of 
Ge NPs is more negative than the critical value ( — 30 mV), which can 
effectively enhance the surface repulsion force of Ge NPs to prevent 



aggregation and sedimentation. Fig. 2b shows UV-vis spectra (ran- 
ging from 190 nm to 800 nm) of Ge NPs suspended in deionized 
water with different aging time under ambient temperature in dark- 
ness. The absorbance increases gradually with decreasing wave- 
length 39,40 , however, there is no characteristic absorption band 
edges corresponding to that for bulk Ge 29,41,42 and those for other 
solution chemistry- synthesized Ge NPs reported previously 43 " 45 . As 
we know, the optical absorption properties measured under the 
transmission mode is effective when the particle sizes in the suspen- 
sion are below the size for complete optical absorption. With the 
increase of aging time, the fractal or globular aggregates formed by 
the initial small Ge NPs experienced growth and the amount of 
adequately small Ge NPs decreased in the solution samples, so that 
the intensity of optical absorptions declined gradually 46 . However, 
the optical absorption edge did not change, even though phase struc- 
ture and crystallinity both changed during aging. 

Discussion 

In order to investigate the functionalities of the Ge NPs, we 
attempted to use LAL-induced Ge NPs for the chemical decomposi- 
tion and reduction of various organic molecules and metal ions, such 
as 2, 5-dichlorophenol, methyl orange (MO), and Cr (VI) ions, to test 
size effects of Ge NPs on chemical reductive ability. An aqueous 
solution with 16 mg/L 2,5-dichlorophenol was alkaline with a pH 
value of 1 1.0, which was used to react with fresh amorphous Ge NPs. 
The standard electrode potential of Ge was — 1.03 V, thus, electrode 
potential was — 1.25 V in 16 mg/L 2,5-dichlorophenol aqueous solu- 
tions, as calculated from the Nernst equation (see Supplementary 
Equation SI online). This value is much larger than the standard 
electrode potential of zero-valent iron ( — 0.44 V), which is widely 
used as a dechlorinating agent 47 " 51 . 

In this heterogeneous reaction system, first of all, the 2,5-dichlor- 
ophenol molecular will absorb on the surface of fresh Ge NPs. Then 




Figure 3 | Dechlorination mechanisms for fresh amorphous Ge NPs react 
with 16 mg/L 2,5-dichlorophenol (pH = 11.0). 
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Figure 4 | (a) UV-vis absorbance spectra of 2,5-dichlorophenol after interacting with fresh Ge NPs at different durations; (b) plotted dechlorination 
rate of (a). 



the Ge atoms will donate their valence electrons to the C atoms and 
break up the corresponding C-Cl bond, as is schematically shown in 
Fig. 3. The work function of the valence electrons of Ge atoms depend 
on the size of Ge NPs, and in the nano-scale the work function is 
expected to decrease with reducing particle size through the assoc- 
iated reduction in the binding energy. The lowered work function in 
the donor type catalyst helps enhance the potential difference across 
the reacting interface, thus promoting charge transfer to facilitate the 
following overall chemical reaction for reduction: 

Ge(0) + R-Cl + OH-^Ge(IV) + R-H + Cl" (1) 

where R- represents the -C 6 H 3 ClO"Na + group. 

Fig. 4a shows UV-vis absorbance spectra of 2,5-dichlorophenol 
after reacting with fresh Ge NPs. It exhibits that as dechlorination 
proceeded, CI atoms, as typical auxochromes, broke away from ben- 
zene rings, leading to a decline in absorbance of the three represent- 
ative absorption bands of 2,5 -chlorinated sodium phenolate, 
together with an obvious blue shift, especially for B band or fine- 
structure band located at 300 nm of benzene 52 . As shown in Fig. 4b, 
the sharp decrease in reaction rate could be attributed to the low work 
function of fresh Ge NPs. The concentration of 2,5-dichlorophenol 
rapidly decreased to 68% in 24 hours; however, dechlorination rate 
slowed down subsequently. Only about 15% of 2,5-dichlorophenol 
was reduced in 192 h. But the large assembled Ge nanospheres 
revealed no evident reaction with 2,5-dichlorophenol. These results 
do indicate obvious size-dependent reductive ability of Ge NPs. Only 
fresh Ge NPs exhibit effective dechlorinating capability similar to 
that of zero-valent iron NPs. 

Chemical reductive ability of fresh Ge NPs was also demonstrated 
for the removal of 25 mg/L MO aqueous solution, which is a widely 
used azo dye. The fresh Ge NPs, acting as reductive reagent, donated 
electrons to break the Tt-bond in the azo double bond. The corres- 
ponding removal process is shown in Supplementary Scheme SI 
online. However, the N-N a bond or the benzene rings are difficult 
to destroy by the same redox process. Therefore, we can clearly 
observe that three representative absorption bands of benzene, 
namely, the E l9 E 2 , and B bands were obviously blue shifted because 
of the disappearance of chromophore molecular structures (see 
Supplementary Fig. S5a online). In addition, the fresh Ge NPs can 
effectively remove heavy metal ions, such as Cr (VI), which exists 
widely in polluted water sources and soil. Supplementary Equation 
S2 online shows that a 12 mg/L K 2 Cr 2 0 7 aqueous solution, as a 
source of Cr(VI), reacted with fresh Ge NPs. The corresponding 
UV-vis spectra (see Supplementary Fig. S5b online) indicate that 
the concentration of Cr(VI) ions decreased quickly to half in 
10 min. The Cr(VI) ions almost disappeared after 90 min. The inset 
in Supplementary Fig. S5b online shows that the reacted solution 
became almost colorless, when Cr existed mainly as Cr(III) in the 
solution 53 ' 54 . 

In summary, the LAL technique, which is a "top-down" method, 
can be used to produce a well- dispersed colloidal semiconductor of 



Ge NPs without using any protective organic agents. The quantum- 
size and clean surface of LAL-induced Ge NPs are beneficial for 
exploring intrinsic physicochemical properties of semiconductor 
Ge NPs. For the first time, we report an interesting spontaneous 
growth process of the metastable Ge NPs and associated structural 
evolution from an initial amorphous state to a final cubic structure, 
with a tetragonal structure as an intermediate phase. The LAL- 
derived Ge NPs significantly exhibit excellent chemical reductive 
ability similar to that of zero-valent iron NPs. Various organic mole- 
cules, such as 2,5-dichlorophenol, MO, can be quickly degraded and 
metal Cr(VI) ions can be reduced, particularly by using fresh and 
small Ge NPs. The LAL-induced Ge NPs with clean surface may find 
special applications in the biomedical field, as well as in catalysis and 
in battery, while due to the instability of the colloidal system it maybe 
necessary to introduce further surface functionalization with addi- 
tional molecules or by being composited with other structures. 

Methods 

"Top-down" synthesis of quantum-sized Ge NPs. A piece of crystallographic Ge 
target (cubic, 99.99%, as shown in Supplementary Fig. SI online) was immersed in 
15 mL deionized water in a cell, which was ablated for designated durations using a 
1064 nm Nd:YAG pulse laser with a pulse duration of 10 ns and pulse energy of 
100 mj. Well-dispersed fresh colloidal Ge NPs were obtained in water by ablating for 
5 min. Aging treatment of fresh Ge colloids was conducted in a sealed chamber, in a 
dark environment, at room temperature for different durations to monitor structure 
evolution of initial Ge NPs. 

Structure characterization. X-ray powder diffraction (XRD) phase analysis of all 
collected products which are placed on a piece of glass slide substrate, was performed 
using a Philips X'Pert system with Cu Ka radiation (A, = 1.5419 A, scanning rate = 
1.0°/min). Field-emission scanning electron microscopy (SEM, Sirion 200 FEG) was 
used to trace size and morphology evolution of Ge NPs. Transmission electron 
microscopy (TEM, JEM-ARM 200F) was used to analyze the structure evolution of 
fresh Ge NPs. Shimadzu UV3600-MPC3100 spectrophotometer with a wavelength 
range from 190 nm to 800 nm was used to measure absorption spectra of products. 
MALVERN instrument (Zetasizer3000HSa) was used to measure zeta (Q potential of 
Ge NP colloids. 

Chemical reductive treatment of various pollutants. Fresh Ge colloidal solution 
samples were obtained by ablating Ge target immersed in deionized water for certain 
minutes. As a reductive reagent, 15 ml Ge colloidal solution (density of Ge 
nanoparticles is 0.25 g/L) were added into 15 mL of 16 mg/L 2,5-dichlorophenol at 
pH 1 1.0. The mixture was stirred and allowed to react at room temperature in a dark 
environment. Ultraviolet-visible (UV-vis) optical absorption spectra of reaction 
products were measured at certain temporal intervals after centrifugation to separate 
residual Ge NPs to monitor reactions between Ge NPs and pollutant molecules and/ 
or ions. In a similar way, the test for the removal of methyl orange was conducted by 
using 10 mL 25 mg/L methyl orange (MO; pH = 7.0) and 20 mL 12 mg/L K 2 Cr 2 0 7 
aqueous solution at pH 6.5. The amount of fresh Ge colloidal solution is 15 mL and 
20 mL, respectively. 
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